Background: Due to resistance to all classes of anti-HIV drugs and drug toxicity, there is a need for the discovery and development of new anti-HIV drugs. Methods: HIV-1 inhibitors were identified and biologically characterized for mechanism of action. Results: We identified a dibenzocyclooctadiene lignan, termed HDS2 that possessed anti-HIV activity against a wide variety of viral strains with EC 50 values in the 1-3 mM range. HDS2 was shown to act as an NNRTI by qPCR and in vitro enzyme assays. Conclusions: This compound provides a new scaffold for further optimization of activity through structure-guided design.
Introduction
Highly active anti-retroviral therapy (HAART) usually combines three or more different drugs that simultaneously target multiple stages of the HIV life cycle. To date, more than 25 Food and Drug Administration (FDA)-approved drugs are available for treatment of HIV patients. However, the emergence of drug resistance is still a major problem, 1, 2 as is the fact that many drugs have encountered significant dose-limiting and long-term toxicities. Thus, there is a need for the discovery and development of new agents that have novel structures or mechanisms of action different from currently approved drugs.
The discovery of new anti-HIV compounds largely depends on valid biochemical and cell-based assays 3 and a source of unique chemicals. High-throughput screening (HTS) has enabled the discovery of several HIV inhibitors, 4 but this approach usually requires large libraries of compounds, that increase costs. More recently, drug screens have moved away from large libraries of compounds to smaller focused collections (100-3000 compounds) that can be tested in biochemical or cell-based assays. 5 Recently, there has been renewed interest in natural products as sources for drug discovery 6 and natural products derived from medicinal plants have great potential as source of anti-HIV drugs that might possess activity against drug-resistant HIV strains. 5, [7] [8] [9] [10] [11] [12] [13] [14] Plants of the Schisandraceae are a rich source of lignans and triterpenoids, that have given rise to compounds with anti-HBV, anti-HIV, and anti-tumor properties. 8 Recently, cell-based phenotypic screening approaches have led to new drug discovery. 15, 16 A classic MT4 cell assay, that measures HIV-induced cytopathic effect (CPE), has been used successfully to identify new HIV inhibitors 17, 18 and can identify compounds that target any stage of the HIV life cycle. 3 Herein, we describe studies that have evaluated such a cell-based assay to study an in-house collection of natural products from plants of the Schisandraceae that possess unique structures. From a relatively small set of selected compounds, we first identified an interesting chemical scaffold containing the molecule dibenzocyclooctadiene lignan, also termed gomisin M 1 (referred to hereafter as HDS2), that possessed highlevel activity against a wide variety of HIV-1 strains as well as against HIV-2. We now also describe the mechanisms of action of this compound, both at a biochemical and molecular level, and show that it functions as a non-nucleoside reverse transcriptase inhibitor (NNRTI).
Materials and methods

Cells and reagents
TZM-bl, MT-2, MT-4 cells, the infectious molecular clones pNL4-3 and pBaL, the HIV-1 primary isolates HIV-2 (CBL-23), BK132 (X4), 92TH001 (R5), T-20, AMD3100, and VRC01 were all obtained through the NIH AIDS Research and Reference Reagent Program. The 293T cell line was obtained from the American Type Culture Collection (CRL-11268). TZM-bl and 293T cells were subcultured every 3-4 days in Dulbecco's minimal essential medium (DMEM), while MT-2 and MT-4 cells were cultured in RPMI 1640 medium at 37 C and 5% CO 2 . Complete DMEM and RPMI 1640 media were supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/ml penicillin, and 50 mg/ml streptomycin. Cord blood mononuclear cells (CBMCs) were obtained through the Department of Obstetrics, Jewish General Hospital, Montreal, Canada, and cultured as previously described. 19 Raltegravir (RAL) was obtained from Merck-Frosst Canada (Kirkland, QC, Canada).
Measurements of viral p24 antigen levels and RT activity
p24 antigen levels in culture supernatants were assessed using a HIV-1 p24 antigen capture assay (ABL, Inc., Rockville, MD) according to the manufacturer's instructions and RT enzymatic activity in culture supernatants was measured using a tritiated thymidine triphosphate based assay as previously described. 19 
HIV-1 RT in vitro enzyme assay
Recombinant wild-type HIV-1 reverse transcriptase (RT) and mutant RTs were expressed and purified as previously described. 19 RT enzymatic activity and kinetics studies were conducted as previously described by measuring the extension of Td 100 /Pd 18 template-primer using a PicoGreen-based spectrophotometric assay. 20 21 and were produced by transfecting 293T cells using calcium phosphate. Briefly, 2.5 Â 10 6 293T cells were plated in a 10-cm dish containing 10 ml DMEM supplemented with 10% FBS. The next morning, medium was replaced with 8 ml fresh medium and in the afternoon cells were transfected with 10 mg of plasmid per cell culture dish. The transfection medium was replaced with 10 ml of fresh medium after 24 h. At 48 h posttransfection, cell-free supernatants were harvested and filtered through 0.45 mm filters, and aliquots were stored at À80 C. HIV-1 NL 4-3 was also produced in MT-4 cells infected with virus isolated from the transfections at a multiplicity of infection (MOI) of 0.001. Cell-free supernatants were harvested as viral stocks from infected MT-4 cell cultures at five days postinfection (pi).
Generation of replication-competent HIV-1 and virus production
Anti-HIV and cytotoxicity assays
Anti-HIV activity in MT-4 cell cultures was measured as described previously, 17 with minor modifications. The assay is based on HIV-induced CPE, which was assessed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay. For the sake of convenience, each virus stock was titrated by measuring protection against CPE using a MT-4/MTT assay to determine the viral dose that might kill 95% of MT-4 cells by three days pi, defined as the cell culture cytotoxicity infective dose (CCCID 95 ). Compounds were diluted in cell culture medium (2 Â working solution) and placed into 96-well plates (50 ml/well). Twenty-five microliters of exponentially growing MT-4 cells (1 Â 10 6 /ml) were added to 96-well plates containing serial dilutions of the compound. Then, 25 ml of HIV-1 NL 4-3 diluted in medium at the CCCID 95 , usually equal to a final MOI of $0.03, were added to each well, except for wells with cells only or wells without drug and virus, that served as controls. Wells with dimethyl sulfoxide (DMSO) alone, without drugs, served as virus controls. Plates were incubated in a humidified incubator at 37 C under 5% CO 2 . After three days pi, when cell death in the virus control wells just reached >90%, as monitored by Trypan Blue staining, 10 ml of MTT reagent (5 mg/ml in PBS) was added to each well and incubation continued for 3 h at 37 C. Then, 110 ml of lysis buffer containing 10% (v/v) Triton X-100 in acidified isopropanol (4 ml HCl per 500 ml) were added to each well to lyse cells and solubilize the formazan crystal. The plates were gently shaked at room temperature overnight and were read at a wavelength of 570 nm using a FLUOStar Optima plate reader (BMG Labtech). Antiviral activity was determined by cell viability as measured by absorbance. In these experiments, the cell control (no HIV and no drug) was used as a positive control (set as 100%) and the virus control (without drug) was used as a negative control (i.e. background). The percentage of cell viability of cultures treated with drugs was calculated by comparison with the cell control. The concentration of a compound achieving 50% protection against virus-induced CPE, defined as the 50% effective concentration (EC 50 ), was determined using Prism 5.0 software (GraphPad, San Diego, CA).
Anti-HIV activity was also evaluated in MT-2 cells by observing inhibition of syncytium formation and levels of RT activity and p24 in MT-2 cells. Anti-HIV activity was also examined in CBMC cell cultures as described previously. 19 Briefly, CBMCs were plated onto 96-well plates (1 Â 10 6 /well) in the presence of each compound. Cells were infected with the HIV-1 primary isolates BK132 (X4) or 92TH001 (R5) (NIH AIDS Reagent Program; www.aidsreagent.org) at an MOI of 0.02. After three days in culture, the cells were refreshed with media containing the corresponding drug. After seven days, the culture supernatants were collected and analyzed for RT activity. HIV infection in TZM-bl cells was conducted to investigate the anti-HIV activity of the compounds as previously described. 21 In brief, TZM-bl cells were plated at 2 Â 10 4 cells per well in a 96-well plate in 100 ml of complete RPMI 1640 media. After 24 h, cells were treated with drugs and followed after infection with HIV-1 NL 4-3 or BaL. At 48 h pi, luciferase activity was measured using a Micro-Beta2 luminometer (PerkinElmer) using the luciferase assay system (Promega). The EC 50 was calculated as the concentration of an inhibitor that reduced relative luciferase activity to 50% of that of control wells containing HIV-infected cells without an inhibitor.
For cytotoxicity assays, cells were separately evaluated in the presence of serial dilutions of compounds to determine the concentration of the compound killing 50% of cells, i.e. the 50% cytotoxic concentration (CC 50 ), using the MTT assay. The EC 50 s and CC 50 s were calculated using Prism 5.0 software.
Time-of-addition assay
TZM-bl cells were plated onto 96-well plates as described above. After incubation overnight, cells were infected with HIV-1 NL 4-3 at a MOI of 0.05. Reference and test compounds were added at 5-50 times their EC 50 at different time points, i.e. several hours after infection (0, 2, 4, 6, 8, 12 and 24 h). Luciferase activities were measured at day 2 after infection.
Combination antiviral activity assay in MT-4 cells
For combination testing, HDS2 was serially diluted into 96-well master assay plates in complete RPMI 1640 medium. Representative approved anti-HIV drugs were diluted horizontally across separate master assay plates. Combinations of aliquots from both the horizontally and vertically diluted master plates were arranged in checkerboard-style dilutions into daughter plates. Anti-HIV activities were tested in the MT-4/ MTT assay as described previously, and the interaction of compound combinations was analyzed by a combination index (CI) using CompuSyn software as described, 22 i.e. CI < 1 synergy, CI ¼ 1-1.2 additivism, and CI > 1.2 antagonism.
Quantitative PCR analysis of viral DNA
HIV-1 early and late reverse transcripts were measured by qPCR as previously described. 23 Briefly, MT-4 cells (3.5 Â 10 6 cells/well in a 24-well plate) were plated in the presence of DMSO or drugs. AZT (1 mM) and RAL (0.5 mM) were used as references as RT or integrase inhibitors. AMD3100 (0.25 mg/ml) was used as reference as entry inhibitors. Cells were infected with HIV-1 NL 4-3 at a MOI of 0.05. The viruses used in this experiment were produced in MT-4 cells. After 24 h pi, genomic DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Mississauga, ON, Canada) and was measured by a NanoDrop 1000 spectrophotometer (Thermo Fisher, Wilmington, DE). Quantification of HIV-1 reverse transcripts was performed on a Corbett Rotor-Gene 6000 thermocycler in a 25 ml reaction containing 70 ng of DNA, qPCR Supermix UDG (Invitrogen), and 0.16 mM each of primers and probes. The primers and probe for the early reverse transcripts were: strong-stop F: 5 0 -AACTAG GGAACCCACTGCTTAA-3 0 , strong-stop R: 5 0 -TG AGGGATCTCTAGTTACCAGAGTCA-3 0 , strongstop probe: 5 0 -[FAM]-CCTCAATAAAGCTTGCCTT GAGTGCTTCAA-BHQ1-3 0 . The primers and probe used for the late reverse transcripts were primers: fulllength F: 5 0 -AACTAGGGAACCCACTGCTTAA-3 0 , full-length R: 5 0 -CGAGTCCTGCGTCGAGAGA-3 0 , full-length probe: 5 0 -[FAM]-CCTCAATAAAGCTT GCCTTGAGTGCTTCAA-BHQ1-3 0 (Biosearch Technologies, Novato, CA). The primers and probe used for GAPDH were: GAPDH F: 5 0 -ACCGGGA AGGAAATGAATGG-3 0 , GAPDH R: 5 0 -GCAGGA GCGCAGGGTTAGT-3 0 , GAPDH probe: 5 0 -(VIC) ACCGGCAGGCTTTCCTAACGGCT-3 0 . The cycling conditions were 95 C for 10 min, and 50 cycles at 95 C for 15 s and 60 C for 60 s. All samples were quantified against standards of HIV-1 NL 4-3 plasmid for late RT product and DNA from uninfected cells for GAPDH. The copy numbers per mg DNA for each sample were normalized by their GAPDH contents.
Determination of anti-HIV activity post-attachment
Inhibition of HIV-1 infection at times post-attachment was measured as described previously. 24 TZM-bl cells were plated in 96-well plates. For studies after-attachment, cells were spin-infected with HIV-1 NL 4-3 virus at 1250 Â g for 2 h at 16 C. For pre-attachment (i.e. standard infection), cells were spun under the same conditions, but without infection by virus. The cells were placed on ice and supernatants and/or unbound virus were removed and cells were washed two times with PBS containing 0.2% bovine serum albumin. For post-attachment studies, cell culture media containing inhibitors (T-20, VRC01 or HDS2) were added to the cells and incubated for 30 min on ice. For preattachment studies, viruses were pretreated with the same inhibitors on ice for 30 min and were then added to the cells. The inhibitors VRC01, a monoclonal antibody targeting the CD4-binding site of HIV-1 gp120, and T-20, a fusion inhibitor, were used as references. Cells were then moved to a 37 C incubator, and luciferase activity was measured two days later. These results were then compared to determine whether there were shifts in anti-HIV activities in terms of pre-and post-cellular attachment.
Data analysis
Data were analyzed using Prism 5.0 and expressed as means AE standard deviation (SD). For each assay, three or more independent experiments, each in duplicate or triplicate, were performed, and the results were analyzed.
Results
Identification of HIV inhibitors from natural products
Since some natural products isolated from medicinal plants of the Schisandraceae have been shown to possess anti-HIV activity, 8, 25 we screened a collection of 60 compounds for their anti-HIV activity using the MT-4/MTT assay. This effort resulted in identification of 14 compounds with various degrees of anti-HIV activities and these were ranked on the basis of antiviral potency and toxicity. The most potent compound HDS2 (Figure 1(a) ), a dibenzocyclooctadiene lignan previously termed gomisin M 1 , possessed good characteristics (MW 4 400, rings 4 4, hydrogen-bond donors 45, hydrogen-bond acceptors 49, and log P 1.9-5.5) and can serve as a starting point for further chemical modifications. 26 Biological evaluation of this compound and studies on its molecular mechanisms of action in cell culture and in biochemical assays were initiated.
Anti-retroviral activity profile of HDS2
First, HDS2 was tested for its ability to inhibit HIV-1 induced CPE in MT-4 cells; an EC 50 of 0.95 mM was determined alongside a CC 50 > 10 mM, giving a selectivity index of >10 (Figure 1(b) ). This anti-HIV activity was confirmed by showing that HDS2 could inhibit virus-induced syncytium formation in MT-2 cells and could inhibit the generation of RT activity and p24 antigen expression in cell culture (Figure 1(c) and (d)). We further confirmed the anti-HIV activity of HDS2 in TZM-bl cells using the laboratory-adopted isolates NL 4-3 (X4) and BaL (R5), and observed that HDS2 inhibited viral infection at similar EC 50 values as in the MT-4/MTT assay, including against viral isolates with different tropisms (Figure 1 (e) and (f), Table 1 ). Using a panel of primary HIV-1 strains of different tropism, i.e. BK132 (X4) or 92TH001 (R5), as well as HIV-2, HDS2 retained potency in each case (Table 1) . Thus, the inhibitory activity of HDS2 against HIV is broad, independent of tropism, and effective against several primary isolates in different cell types, including primary cells.
Cross-resistance profile of HDS2
Next, we assessed the cross-resistance profile of HDS2 in comparison with established antiviral drugs which target early steps of HIV replication, i.e. reverse transcription and integration. We analyzed strains known to be resistant to the nucleoside reverse transcriptase inhibitor (NRTI) AZT, the NNRTI nevirapine (NVP), or to the integrase inhibitors RAL and elvitegravir. Control studies illustrating diminished drug susceptibility to relevant compounds are in bold in Table 2 . The observed fold-change (FC) for HDS2 ranged from 0.9 to 1.1 with regard to the IN resistance mutations that were evaluated, suggesting that HDS2 might not be an IN inhibitor. However, HDS2 showed diminished activity against the K103N and Y181C NNRTI mutations (Table 2 ). Moderate resistance was found for K103N with a FC of 4, whereas almost complete resistance was observed for the Y181C mutant (FC > 300), suggesting that HDS2 was an NNRTI.
Cellular combination studies
To gain insight into the mechanism by which HDS2 inhibits HIV-1 infection, we evaluated its activity in combination with five approved anti-HIV drugs of different classes. No antagonism or enhanced cytotoxicity was seen at the concentrations tested for antiviral activity (Table 3 ). Furthermore, HDS2 displayed synergy with T-20 and RTV.
Mechanism of action
In an initial effort to determine the stage of HIV-1 replication that was targeted, HDS2 was evaluated in a single-round of HIV-1 replication using TZM-bl cells, which can distinguish between early versus late events in the HIV replication cycle. 27 As shown in Figure 1 (e) and (f), HDS2 exerted antiviral activity against both X4 and R5-tropic viruses in this assay, with similar EC 50 s being obtained as in the MT-4/MTT assay ( Table 1) , showing that HDS2 targets an early step in HIV-1 replication (between entry and integration).
Next, a time-of-addition assay was performed in which several different classes of drugs were used as reference compounds, including AZT (a NRTI), RAL (an integrase inhibitor), and T-20 (a fusion inhibitor). Inhibition of HIV-1 replication by HDS2 was significantly decreased when it was added at 4 h pi (Figure 2) , again suggesting that it blocks an early step prior to reverse transcription. In contrast, pretreatment of HIV-1 virions with HDS2 at 5 mM for 24 h did not affect viral infectiousness (data not shown). HDS2 was then evaluated for ability to inhibit HIV-1 infection at times post-attachment. 24 In such assays, VRC01, 28 a CD4 binding antibody, and T-20, a fusion inhibitor, were used as controls. As expected, a large decrease in the inhibitory activity of the HIV-1 attachment inhibitor VRC01 was observed in the postattachment assay (Figure 3(a) and Table 4 ), whereas the bound virus remained completely susceptible to the fusion inhibitor T-20 (Figure 3(b) and Table 4 ). HDS2 also completely blocked HIV-1 infection in both the pre-and post-attachment assays (Figure 3(c) and Table 4 ), suggesting that it acts at a later step than virus attachment to CD4. Next, a quantitative real-time PCR was used to show that treatment with HDS2 blocked the synthesis of both early and late viral reverse transcription products in MT-4 cells (Figure 4(a) ). In control experiments, AMD3100, the entry inhibitors, blocked both early and late reverse transcription products, AZT largely blocked late reverse transcription product, whereas RAL did not affected both early and late reverse transcription products. Since strong-stop DNA can be detected soon after viral entry but just before viral uncoating takes place, 24 the results demonstrate that HDS2 inhibits a step in HIV-1 infection prior to the completion of reverse transcription but do not exclude the possibility that HDS2 could be an inhibitor of HIV-1 RT.
We then tested the effect of HDS2 on recombinant purified HIV-1 RT activity in a biochemical assay. In these experiments, NVP was used as a reference. As shown in Figure 4 (b), HDS2 inhibited RT activity in a dose-dependent manner with an IC 50 of 17.25 AE 1.8 mM. In addition, kinetic studies showed that HDS2 had a similar profile to NVP and appeared to be non-competitive with regard to the substrate (Figure 4(c) ). The results also showed that an increase in dNTP concentration from 1 to 10 mM in the RT primer extension assay did not lead to an increase in the IC 50 of HDS2 (Figure 4(d) ). Biochemical analysis of wild-type and mutated Y181C containing RTs showed that the IC 50 of HDS2 for the mutated Y181C RT was similar to that for NVP, i.e. about 300-fold higher than for wild-type (Figure 4(e) ). Taken together, these results suggest that HDS2 acts as a noncompetitive NNRTI. The result that the IC 50 obtained biochemically for HDS2 was higher than in cellular assays is consistent with previous results for NNRTIs. 29 
Discussion
In this study, we report the identification and characterization of a new HIV inhibitor that has broad spectrum activity against wild-type HIV-1 and HIV-2 as well as against a variety of HIV-1 strains of varying tropism ( Figure 1 and Table 1 ). This class of compound contains a dibenzocyclooctadiene lignan core structure.
The mechanism of action of HDS2 seems to be that of an NNRTI. First, the results of studies in TZM-bl indicator cells showed that HDS2 exerted inhibitory activity against both NL 4-3 and BaL (Figure 1(e ) and (f)), suggesting that it targets an early step in the HIV life cycle. Second, time-of-addition studies showed that the activity of HDS2 was significantly reduced when it was added at 4 h post-HIV-1 infection (Figure 2 ). Third, quantitative real-time PCR demonstrated that HDS2 blocks both early and late HIV-1 reverse transcription products (Figure 4(a) ). Finally, biochemical assays demonstrated that HDS2 acts as a non-competitive NNRTI (Figure 4(b) to (e)). It has been reported that different types of plant lignans can exhibit anti-HIV activity. 10, 25, [30] [31] [32] [33] Some of these lignans can inhibit HIV-1 RT, such as anolignan 34 and tetrahydronaphthalene lignan. 35 However, the structures of these compounds are different from the dibenzocyclooctadiene skeleton and further structure-activity studies are needed to determine the nature of the pharmacophore that might be modified to further improve potency.
It may be unique that HDS2 possesses activity against HIV-2 as well as against HIV-1 and we cannot exclude that the inhibition of HIV-2 by HDS2 might be through inhibition of virus entry. This notion is supported by its inhibition of post-attachment entry event (Figure 3(c) ) and early reverse transcription product, as determined by qPCR assay (Figure 4(a) ). Recent in vitro studies have shown that HIV-2 is susceptible to entry inhibitors. 36 It was also reported that a few derivatives of SJ-3366, a potent NNRTI, have the unique feature of displaying a dual mechanism of Figure 3 . HDS2 primarily inhibits a step after HIV attachment to the host cells. TZM-bl cells were spin-infected at 16 C, a temperature that allows for attachment of virus but does not allow fusion events to occur. The unbound virus was removed, and the cells were incubated in media containing inhibitors (a) VRC01; (b) T-20; (c) HDS2 on ice for 30 min, and then the plates were transferred to 37 C, which allows for fusion and infection to be completed (referred to as post-attachment, *). The results were compared with a standard infection procedure (pre-attachment), in which the virus and inhibitors were incubated together on ice for 30 min and then added to TZM-bl cells and incubated at 37 C (referred to as pre-attachment, ). Data represent mean AE SD calculated from three independent experiments with duplicate or triplicate samples. action against HIV-1 and HIV-2, both as NNRTI and entry inhibitors. 36 Although HDS2 does not possess as low an IC 50 as some other NNRTI molecules, its discovery now provides a novel scaffold as a starting point for further optimization of activity through structure-guided design. Our results also demonstrate that different chemical classes of HIV-1 inhibitors can be identified from a small chemical library containing selected natural products with unique structures. Further work will (i) use the cell-based screening system with other chemical libraries and (ii) optimize HDS2 for improved potency and toxicity, based on structureactivity studies. This will hopefully lead to the identification of more potent HIV-1 inhibitors in future studies.
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